Analysis of the Visual Appearance of AISI 430 Ferritic Stainless Steel Flat Sheets Manufactured by Cool Rolling and Bright Annealing by González Leal, Juan María et al.
metals
Article
Analysis of the Visual Appearance of AISI 430 Ferritic Stainless
Steel Flat Sheets Manufactured by Cool Rolling and
Bright Annealing
Juan M. González-Leal 1,* , Enrique Gallero 1 , Eduardo Blanco 1 , Milagrosa Ramírez del Solar 1,




Gallero, E.; Blanco, E.; Ramírez del
Solar, M.; Nuñez, A.; Almagro, J.F.
Analysis of the Visual Appearance of
AISI 430 Ferritic Stainless Steel Flat
Sheets Manufactured by Cool Rolling
and Bright Annealing. Metals 2021, 11,
1058. https://doi.org/10.3390/
met11071058
Academic Editor: Francesca Borgioli
Received: 1 June 2021
Accepted: 27 June 2021
Published: 30 June 2021
Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-
iations.
Copyright: © 2021 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses/by/
4.0/).
1 Department of Condensed Matter Physics, Faculty of Sciences, University of Cadiz, 11510 Puerto Real, Spain;
enrique.gallero@uca.es (E.G.); eduardo.blanco@uca.es (E.B.); milagrosa.ramirez@uca.es (M.R.d.S.)
2 Laboratory & Research Section, Technical Department, ACERINOX Europa S.A.U., 11379 Palmones, Spain;
andres.nunez@acerinox.com (A.N.); juan.almagro@acerinox.com (J.F.A.)
* Correspondence: juanmaria.gonzalez@uca.es
Abstract: This article reports on the relation between the surface topography and the optical re-
flectance, both total and diffuse, of different samples of AISI 430 ferritic stainless steel. Gaussian
filters with different cutoff wavelengths were applied to the height maps of the surface topography of
the samples, to separate the different scales of surface roughness involved in optical scattering in the
visible range of the spectrum. Significant anisotropy, related to the rolling process, was found in the
topography. An effective roughness slope parameter was defined from the dependence of the ratio
between the root mean square height and the autocorrelation length on the cutoff wavelength. This
roughness slope demonstrated an exceptionally good linear relationship with CIE 1931 luminance,
which was calculated from the diffuse reflection spectra. The color uniformity of the samples was
analyzed based on their CIE L*a*b* coordinates under daylight and LED illumination. The results
confirmed the strong influence of manufacturing process on the surface characteristics of AISI 430
ferritic stainless steel sheet products with a bright finish.
Keywords: bright annealing; ferritic stainless steel; visual appearance; colorimetry; surface metrology
1. Introduction
Quality control of the visual appearance of surfaces is a key issue in industrial fields
dealing with paints, coatings, texturing, and finishing [1–7]. The optical scattering distribu-
tion function is a topic of interest in engineering applications such as the manufacture of
high-quality mirrors for scientific use [8], and knowledge of this topic has been supported
by the development of infographics and surface rendering [9–12]. A number of theoretical
approaches developed to model the bidirectional reflectance distribution function (BRDF)
and the most complete bidirectional scattering-surface reflectance distribution function
(BSSRDF) is presented in the review by Frisvad et al. [13], which provides a comprehensive
analysis of the approaches that can be found in the literature.
In all these theoretical models, the topographical characteristics of the surface are
related in some way to the angular distribution of the light reflected by a surface. All of
them have limitations in the goodness of the model according to the roughness scale. Some
of these models explicitly consider surface microgeometry, making them better suited to
modelling the optical scattering produced by small-scale (nano/micro) roughness. These
models are based on the Rayleigh–Rice approach [14,15] and are valid for smooth surfaces
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where Sq stands for the root mean square height of the surface topography, θi is the inci-
dence angle of the light on the surface, and λ is the light wavelength. Other models, based
on the Beckmann–Kirchhoff theory, approximate the topography using a normal distribu-
tion of microfacets and are better suited to modelling the optical scattering produced by
surfaces with roughness on the micro/milli scale [11,15–19].
The aim of the present paper is to characterize the visual appearance of AISI 430
ferritic stainless steel sheets with a bright finish. This product has been commercialized for
applications in the manufacturing of home electrical appliances, cutlery, indoor decorations,
and other household goods. The production line involves several steps of rolling and
bright annealing that lead to a certain variability in the visual appearance of products from
different batches. This makes it necessary to establish unambiguous testing processes to
characterize and determine the quality of the commercial product.
This work reports on the topographic and photometric characterization of a set of
AISI 430 ferritic stainless steel samples from different production batches. It analyzes the
effect of applying a Gaussian filter to the topographic maps on the determination of the
values of the areal roughness parameters relevant to optical scattering. Special attention
is paid to the root mean square height, Sq, and the autocorrelation length, Sal, as well as
the slope, Sq/Sal. The results show that there is a strong relationship between the slope
and the photometric luminance coordinate of the samples. Additionally, the article reports
on color coordinates in the CIE L*a*b* color space, and discusses the color uniformity of
the samples.
2. Materials and Methods
2.1. Materials and Bright Annealing
The AISI 430 ferritic stainless steel products studied in this work were produced in
flat sheet form with thickness in the range of 0.40–1.50 mm, under conventional industrial
conditions, using an electric arc furnace, an AOD converter, and continuous casting [20].
The reduction in slab thickness took place during hot rolling, and the material was recrys-
tallized at the end of this stage by means of an annealing treatment. After this, the final
thickness of the coil was reached via a cold rolling stage. A final annealing process was
performed in a reducing atmosphere to recrystallize the structure of the steel and, therefore,
remove any internal structural alterations produced during the rolling process. In addition,
a bright finish was achieved during this stage due to the non-alteration of the laminated
surface under the annealing furnace’s H2/N2 atmosphere. The surface of the sheet was
not polished before annealing. More details about the production process can be found at
www.acerinox.com (accessed on 1 June 2021).
The chemical composition of the AISI 430 ferritic stainless steel samples under study
is given in Table 1. It corresponds to the symbolic designation X6Cr17 and numerical
designation 1.4016, according to the EN 10088-2 standard [21].




DESIGNATION C Si Mn P S Cr N
430 1.4016 ≤0.080 ≤1.00 ≤1.00 ≤0.040 ≤0.015 16.00–18.00 ≤0.045
The grain size of the AISI 430 stainless steel specimens was found to be between
7.9 µm and 13.4 µm. The average grain size was 11.3 µm, which corresponds to a G index
of 10, according to ASTM E 112 [22]. The mechanical properties of this material after cold
rolling and final annealing, as specified in [21], were:
• Yield strength, Rp0.2 > 260 MPa;
• Tensile strength, Rm = 450–600 MPa;
• Elongation > 25%;
• Hardness < 185 HB;
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• Modulus of elasticity at 20 ◦C = 220 GPa.
A set of 50 mm × 50 mm specimens was extracted from sheets from 38 different
batches, and surface metrology and optical measurements were carried out on all of them.
2.2. Surface Metrology
The topography of the samples was measured using a multimode non-contact optical
profilometer (Zeta Instruments, model Z300), working on multi-point focus mode. A
100× objective was used to measure the height maps, covering a field of view (FOV)
of 246.2 µm × 184.2 µm. Measurements were taken from three different places on the
surface of each 50 mm × 50 mm sample to identify possible texture inhomogeneities.
The height maps were processed and analyzed with the software Mountains Map 8.0 by
Digital Surf. The areal roughness parameters were calculated according to ISO 25,178 [23].
Three measurements were made and averaged in order to obtain representative values for
roughness, and the uncertainty was given as the maximum value minus the minimum
value of this set.
2.3. Optical Reflection Spectra
The optical reflectance of the samples was measured in the wavelength range of
350–800 nm using a double beam dispersive UV/Vis/NIR spectrophotometer (Agilent,
model Cary 5000). A 150 mm diameter integrating sphere was used to measure both the
total reflection spectra according to the optical geometry 8◦/di, and the diffuse reflection
spectra according to the optical geometry 8◦/de [24,25]. Three spectra were measured for
each sample. The spectra were obtained from points on the sample placed far enough apart
from each other to account for possible surface texture inhomogeneities. The light-spot
area was 10 mm2.
3. Results
3.1. Surface Metrology
Figure 1 shows images of two of the AISI 430 ferritic stainless steel samples, taken with
an optical profilometer. These two samples are representative of products with a bright
finish: one of them with an acceptable mirror-like surface finish and the other showing an
undesirable haze effect. The pictures show, in both cases, the presence of a clear uniaxial
layer on the surface. This is due to the rolling process, and indicates the rolling direction.
A visual inspection of these images does not allow quantification of the quality of the
sample’s visual appearance. Hence, it is necessary to find physical magnitudes that are
expressive of the visual appearance, with a dynamic range large enough to make a robust
determination of sample quality and to avoid problems of ambiguity.
The roughness of the samples’ surfaces was analyzed based on the topographic maps
obtained by the optical profilometer, as illustrated in Figure 2, following the parameters
defined in [23]. It is important to mention that the concept of roughness is relatively
ambiguous, insofar as it depends on the scale of interest set by the user. Thus, in [23], a
distinction is made between waviness and roughness, and this distinction is made on the
application of filters, typically Gaussian, with different cutoff wavelengths, λc.
Primary profiles extracted from the topographic maps of the samples discussed in the
previous paragraph have been included as Figure S1 in the Supplementary Material, to
illustrate the effect of λc in the discrimination of the low and high spatial frequency height
components. It is important to mention that our work is based on the areal method of
roughness analysis [23], not on the profile method [26]. However, the workflow to separate
high and low spatial frequency components is similar for 1D and 2D topographic records,
in such a fashion that the leveling of the height maps is performed on the least square
plane of the heights and 2D Gaussian filters are applied to calculate the corresponding
areal parameters Sq and Sal, which are shown in Figure 3a,b, respectively, as a function
of λc.
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This ratio is an indicator of the slope of the roughness, but it should not be confused
with the root mean square gradient parameter, Sdq, of [23], presented in Figure 3d, which
















Both Sq/Sal and Sdq provide information on the local slope of roughness, which is
illustrated in Figure S2 in the Supplementary Material. It is worth mentioning that the
slope parameter reported here takes into account the overall effective slope based on the
fastest decaying autocorrelation length, Sal.
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Finally, the texture aspect ratio, Str, was calculated according to [23] for all the samples.
Str takes values in the range 0–1 and is an indicator of the degree of anis tropy of the surface
texture (Str = 1 for a completely isotropic surface). Values in the ran e of 0.05–0.46 were
obtai ed from the primary s rfaces of the set of samples under study, which is consistent
with anisotropy due to the rolling process.
3.2. Optical Reflection
The representative optical reflection spectra of the samples under study are presented
in Figure 4. They were obtained by averaging the set of three spectra taken at different
points on each sample’s surface, as described in the Materials and Methods section. The
total reflection (diffuse + specular) spectra are shown in Figure 4a and the diffuse reflection
spectra are shown in Figure 4b.
The color coordinates of the surfaces in the color spaces CIE 1931 and CIE 1976 L*a*b*
were determined from both the total and diffuse reflection spectra [24,25]. They were
calculated for the CIE 1964 10◦ standard observer, and for both the CIE standard illuminant
D65 and the spectral radiance of an LED light source. Particular attention was paid to
the luminance coordinate, Y10, which is also known as the light reflectance value (LRV).
This is a practical parameter used to quantify the contrast between surfaces, for example,
in applications of stainless steel for searching and navigation tasks within buildings [27].
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Additionally, attention was paid to the L*, a* and b* color coordinates to quantify any color
differences, ∆E*, between the AISI 430 ferritic stainless steel samples under study.
Metals 2021, 11, x FOR PEER REVIEW 6 of 13 
 
 
were obtained from the primary surfaces of the set of samples under study, which is con-
sistent with anisotropy due to the rolling process. 
3.2. Optical Reflection 
The representative optical reflection spectra of the samples under study are pre-
sented in Figure 4. They were obtained by averaging the set of three spectra taken at dif-
ferent points on each sample’s surface, as described in the Materials and Methods section. 
The tot  reflection (diffuse + specular) spectra are shown  Figure 4  and the diffuse 
reflection spectra are shown in Figure 4b. 
 
 
Figure 4. Optical reflection spectra for the AISI 430 ferritic stainless steel samples, measured with an integrating sphere at 
total reflection configuration (a), and diffuse reflection configuration (b). The spectra of the samples shown in Figure 1 are 
marked in the figures for the sake of comparison. A legend indicating the color of lines representing the various samples 
is given below. 
The color coordinates of the surfaces in the color spaces CIE 1931 and CIE 1976 L*a*b* 
were determined from both the total and diffuse reflection spectra [24,25]. They were cal-
culated for the CIE 1964 10° standard observer, and for both the CIE standard illuminant 
D65 and the spectral radiance of an LED light source. Particular attention was paid to the 
luminance coordinate, Y10, which is also known as the light reflectance value (LRV). This 
is a practical parameter used to quantify the contrast between surfaces, for example, in 
applications of stainless steel for searching and navigation tasks within buildings [27]. 
Additionally, attention was paid to the L*, a* and b* color coordinates to quantify any color 
differences, ΔE*, between the AISI 430 ferritic stainless steel samples under study. 
4. Discussion 
The results reported here highlight the significant influence of the production process 
on the surface characteristics of AISI 430 ferritic stainless steel sheet products with a bright 
finish. This can be observed in Figure 3, where the values of the roughness parameters, Sq 
and Sal, change significantly from one sample to another, and in Figure 4, where a signifi-
cant scatter in the optical reflection spectra can be observed, mainly in the diffuse reflec-
tion spectra of Figure 4b. Further study into the factors affecting the appearance of bright-
finished AISI 430 stainless steel is currently in progress. Differences in grain size do not 
completely explain the observed differences in reflectivity. It appears to be a complex phe-
nomenon with various originating factors. The results of this study will be reported in due 
course. 
It was found that the total optical reflectance is notably larger than the diffuse optical 
reflectance in all cases, which indicates that the surfaces are mostly specular, as expected 
Figure 4. Optical reflection spectra for the AISI 430 ferritic stainless steel samples, measured with an integrating sphere at
total reflection configuration (a), and diffuse reflection configuration (b). The spectra of the samples shown in Figure 1 are
marked in the figures for the sake of comparison. A legend indicating the color of lines representing the various samples is
given b low.
4. Discussion
The results reported here highlight the significant influence of the production process
on the surface characteristics of AISI 430 ferritic stainless steel sheet products with a bright
finish. This can be observed in Figure 3, where the values of the roughness parameters,
Sq and Sal, change significantly from one sample to another, and in Figure 4, where a
significant scatter in the optical reflection spectra can be observed, mainly in the diffuse
reflection spectra of Figure 4b. Further study into the factors affecting the appearance of
bright-finished AISI 430 stainless steel is currently in progress. Differences in grain size do
not completely explain the observed differences in reflectivity. It appears to be a complex
phenomenon with various originating factors. The results of this study will be reported in
due course.
It was found that the total optical reflectance is notably larger than the diffuse optical
reflectance in all cases, which indicates that the surfaces are mostly specular, as expected
for these materials. It is worth mentioning that similar values for both total and diffuse
reflectance have been reported by other authors for AISI 430 stainless steel with a bright
finish [28]. However, although at first glance these materials are mostly specular, their
surfaces cannot be considered smooth in the sense of the Rayleigh criterion given by
Equation (1). If the figures for roughness derived from the non-scale-limited primary
surfaces of the samples, such as shown in Figure 2, are taken as inputs for Equation (1),
values ranging from 0.389 to 0.997 for θi = 8◦ and λ = 0.6328 µm are obtained. These values
indicate that the diffraction of the scattered light by these samples cannot be approximated
as a first-order phenomenon, which would be the case for smooth samples, thus they must
be considered rough in the sense of Beckmann–Kirchhoff’s model [11,15–19].
It is not the aim of this work to study the BRDF of these samples, but it is relevant to
remember that, in its formulation, the effect of the roughness slope dominates the angular
distribution of scattered light on rough surfaces [15,16,29]. The values for the roughness
slope parameter, Sq/Sal, are shown in Figure 3c, and a trend can be observed across all the
samples under study, with the maximum roughness slope value invariably occurring at a
value of λc, within an 8–16.5 µm range. The difference between the values and the behavior
for this slope parameter and those observed for the root mean square slope parameter, Sdq,
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presented in Figure 3d, is noteworthy. As can be seen, the slope parameter, Sq/Sal, shows a
greater sensitivity to the cutoff wavelength, λc, than the Sdq slope parameter does, and it
highlights more clearly the spatial frequencies involved in the optical reflection of light
and, in turn, in the visual appearance of the surface.
We found that the values of the roughness slope parameter, presented in Figure 3c,














This fact is illustrated in Figure 5, where the values of Sq/Sal determined for the
representative samples of Figure 1 are plotted along with their corresponding fits to
Equation (3). Values for the fitting parameters, A and B, for all the samples under study are
collated in Table 2. It is worth mentioning that correlation coefficients, r, greater than 0.968
were obtained in all cases.
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Table 2. Values of the fitting parameters A and B from Equation (3), along with the values of the
correlation coefficient r of these fits, as well as the values of the roughness slope parameter SqSal
∣∣∣
e f f
calculated according to Equation (4), for the set of AISI 430 ferritic stainless steel samples under study.
Samples #18 corresponds to the mirror-finished sample shown in Figure 1a. Sample #25 corresponds
to the haze-affected sample shown in Figure 1b.





#1 10.99 32.79 0.983 0.0123
#2 10.67 36.25 0.985 0.0146
#3 9.66 29.94 0.980 0.0143
#4 9.72 41.41 0.975 0.0204
#5 12.35 24.48 0.986 0.0067
#6 10.93 28.00 0.978 0.0103
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#7 10.31 33.03 0.975 0.0141
#8 11.62 27.26 0.982 0.0088
#9 11.77 29.41 0.985 0.0094
#10 10.65 34.67 0.982 0.0140
#11 11.31 29.08 0.976 0.0100
#12 10.58 33.46 0.983 0.0136
#13 11.40 32.83 0.983 0.0115
#14 10.37 42.12 0.981 0.0182
#15 10.68 34.94 0.983 0.0140
#16 10.33 31.55 0.979 0.0133
#17 10.67 31.23 0.983 0.0123
#18 12.26 23.73 0.980 0.0066
#19 11.25 29.60 0.983 0.0104
#20 9.68 34.40 0.979 0.0166
#21 10.11 30.56 0.980 0.0134
#22 10.50 32.70 0.976 0.0134
#23 10.66 30.10 0.980 0.0118
#24 11.26 27.48 0.980 0.0094
#25 9.17 38.15 0.980 0.0210
#26 9.80 31.62 0.979 0.0148
#27 9.87 34.14 0.980 0.0160
#28 11.09 28.77 0.982 0.0103
#29 10.40 31.78 0.980 0.0133
#30 10.24 29.08 0.981 0.0123
#31 9.30 34.48 0.979 0.0182
#32 10.30 37.05 0.969 0.0161
#33 11.46 32.59 0.980 0.0112
#34 10.50 38.24 0.978 0.0161
#35 10.00 37.39 0.974 0.0173
#36 11.38 29.94 0.983 0.0103
#37 11.32 29.99 0.983 0.0104
#38 10.76 34.69 0.968 0.0137
The influence of the roughness scale in modeling optical scattering has been reported
by Marx and Vorburger [30,31], Li and Torrance [17] and Dong et al. [10]. Their findings
highlight the importance of spatial bandwidth selection in isolating the roughness scale
that dominates scattering behavior. In general, roughness components with small spatial
wavelengths diffract light into angles far from the specular direction, and components
with long spatial wavelengths diffract light into angles near the specular direction. For
this reason, high-pass filtering was performed by [17] and [30], with cutoff wavelengths of
50 µm and in the range of 25–40 µm, respectively, to obtain the roughness surface from the
primary surface, whilst low-pass filtering was performed by Dong et al. [10] with a cutoff
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wavelength of 1 µm, to filter out small-scale roughness, in such a fashion that the surface
waviness was obtained from the primary surface.
In the present work, an effective value for roughness slope was calculated from the
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of the r-square correlation coefficient of the fits are 0.925 and 0.927, respectively. Sample IDs from 
Table 2 have been used in the figures. 
It is worth mentioning that possible metallographic effects that could affect the opti-
cal constants of the passive layer cannot be ruled out in the optical reflection results for 
the samples. However, such effects, if present, do not seem to be exceptionally large nor 
very scattered, in view of the linear dependence found between the photometric parame-
ter, Y10, and the  roughness parameter. Studies on the optical characterization of 
the passive layer of these samples are currently in progress. 
Finally, to complete the study of the visual appearance, the color differences between 
the AISI 430 ferritic stainless steel samples were analyzed. They were calculated from the 
samples’ color coordinates in the CIE L*a*b* color space, which were obtained from the 
total optical reflection spectra (optical geometry 8°/di) and both D65 and LED illuminants. 
CIE L*a*b* is a perceptually uniform color space, in which numerical differences in the 
coordinates represent equivalent visual differences, regardless of location within the color 
space. The coordinates L*, a*, and b* define the distance between two colors by the for-
mula [23,30]: ∆𝐸∗ = (∆𝐿∗) (∆𝑎∗) (∆𝑏∗)  (5)
Equation (5) is the well-known Euclidean distance, and was the original formula used 
to define the color distance in the CIE L*a*b* color space. Other formulas, such as 
CIEDE2000, have since been suggested to correct some non-uniformities in the coordi-
nate–perception equivalency [32]. Nevertheless, it was not considered necessary to pro-
ceed further in this work for the present study, since our purpose was to highlight differ-
ences in the visual appearance of relatively specular non-colored surfaces, rather than to 
faithfully discriminate between two colored products. Calculations were performed by 
first determining the centroid of the set of CIE L*a*b* color points for both D65 and LED 
illuminants, then calculating the distances from the color points to this centroid. 
The results, shown in Figure 7, indicate that the distance to the centroid of the set of 
color points was <8.4 for all the samples in the case of the D65 illuminant, and <3.4 in the 
case of LED illumination. Taking into account the statistically confirmed ranges for the 
perception of two colors by a standard observer based on ΔE* [33], namely: 
• 0 < ΔE* < 1: the observer does not notice the color difference; 






their corresponding linear fits, for the D65 illuminant (a) and an LED light source (b). Values of the
r-square correlati n coefficient of the fits ar 0.925 and 0.927, respectively. Sample IDs from Table 2
have been used in the figures.
Finally, to complete the study f the visual appearanc , the color differenc s between
the AISI 430 ferritic stainless ste l samples were analyzed. They were calculated from the
samples’ color coordinates in th CIE L*a*b* color spac , which were obtained from the
total optical reflection spectra (optical geometry 8◦/di) and both D65 and LED illuminants.
CIE L*a*b* is a perceptually uniform color space, in which numerical differences in the
coordinates represent equivalent visual differences, regardless of location within the color




(∆L∗)2 + (∆a∗)2 + (∆b∗)2 (5)
Equation (5) is the well-known Euclidean distance, and was the original formula
used to define the color distance in the CIE L*a*b* color space. Other formulas, such as
CIEDE2000, have since been suggested to correct some non-uniformities in the coordinate–
perception equivalency [32]. Nevertheless, it was not considered necessary to proceed
further in this work for the present study, since our purpose was to highlight differences in
the visual appearance of relatively specular non-colored surfaces, rather than to faithfully
discriminate between two colored products. Calculations were performed by first deter-
mining the centroid of the set of CIE L*a*b* color points for both D65 and LED illuminants,
then calculating the distances from the color points to this centroid.
The results, shown in Figure 7, indicate that the distance to the centroid of the set of
color points was <8.4 for all the samples in the case of the D65 illuminant, and <3.4 in the
case of LED illumination. Taking into account the statistically confirmed ranges for the
perception of two colors by a standard observer based on ∆E* [33], namely:
• 0 < ∆E* < 1: the observer does not notice the color difference;
• 1 < ∆E* < 2: only an experienced observer notices the difference;
• 2 < ∆E* < 3.5: an inexperienced observer also notices the difference;
• 3.5 < ∆E* < 5: a clear difference in color is noticed;
• 5 < ∆E*: the observer notices two different colors.
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Our results suggest a larger tolerance in color for the AISI 430 ferritic stainless steel
products when they are used indoors under LED illumination, compared to outdoors
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by measuring their surface metrology and photometric properties. The results reported
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